For years, research for the improvement in the laser technology is expanding. Technology has to evolve to meet the incessant demands in wide range of applications such as basic sciences, medicine, and telecommunications. This work focuses on finding new host matrices for the rare earth ions, as their spectroscopic properties are largely used for making optical amplifiers and solid-state lasers. Among the new materials that have been widely studied in recent years, antimony oxide glasses have attracted large attention for their potential applications, especially in the field of optical amplification in the telecommunication C-band (1530-1560 nm) [1] [2] [3] [4] [5] [6] . This group of glasses appears as one major family of Heavy Metal Oxide Glasses (HMOG). They possess low phonon energy (%605 cm À1 ) and large optical non-linearity that is correlated to high refractive index [7] , good mechanical properties, and better chemical durability than that of fluoride or tellurite glasses. In lanthanide-doped glasses and crystals, phonon energy is the most influential parameter in non-radiative relaxations because multiphonon decay occurs with the smallest number of phonons required to bridge the energy gap between two energy levels. Erdoped antimonite glasses free of silica and phosphorous oxide are expected to minimize the detrimental effect of the non-radiative decay.
The Judd-Ofelt (JO) theory [8, 9] is used to determine the spectroscopic properties and to characterize the local environment of the lanthanide elements in antimony oxide glass. The lack of data on the structure for amorphous materials makes the problem more complex and it is still under discussion [10] [11] [12] . The intensity parameters of J-O can have a considerable influence on the stimulated emission cross-section, fluorescence decay, and hence on the quantum efficiency of the system. These three parameters are the key factors for laser application of rare earth ions in any host matrix. To our knowledge, there are few studies based on the application of J-O theory to Er-doped antimony glasses [13] ; but there is much research on the erbium-doped glasses containing Sb 2 O 3 as second former in glass matrices such as antimony-borate [14, 15] , antimony-silicate [16] or antimony-phosphate [17] .
In this work, we apply the JO theory to Er-doped antimonite glasses. Based on absorption spectrum, the stimulated emission cross section and the fluorescence decay could be determined as a function of doping level, which allows estimating the highest quantum efficiency.
Experimental

Sample preparation
The composition of the glass samples used in this study is: 60Sb 2 batches of 6 g in weight were melted in silica crucibles at a temperature close to 800°C, for 10-15 min in air. During the synthesis, the tube was shaken to homogenize the melt, while a release of CO 2 was observed, due to the decomposition of sodium carbonate. Note that the Bi 2 O 4 oxide ensures oxidizing conditions, avoiding the possible reduction of tungsten oxide. Vitreous sample were obtained by pouring the melt onto brass molds. This processing corresponds to a moderate quenching rate (<40 K/s), followed by annealing at 300°C and slow cooling down to room temperature. Polishing is implemented after annealing to obtain samples of shape, thickness and surface quality suitable for optical measurements.
Optical measurements
Density was measured by the Archimedes method with water as the immersing liquid.
The absorption spectrum of the samples was measured by a Perkin Elmer UV-VIS-NIR spectrometer operating between 200 and 3200 nm, with a slit of 2 nm resolution. Photoluminescence (PL) spectra were recorded in the near-infrared (NIR) range between 1400 and 1700 nm, under 980 nm laser excitation from a Ti-saphire laser. The emission spectra were measured with a CCD IDUS near-infrared InGaAs camera from ANDOR equipped with a 300 line/mm grating blazed at 1000 nm. Decay curves at the peak of the emission spectrum were recorded using 8 ns pulsed laser excitation at 980 nm. This excitation was performed with a NT342 optical parametric oscillator pumped with a pulsed frequency-tripled Nd:YAG laser from Ekspla. The sample luminescence was focused on cooled InGaAs detector. A 1300 nm long pass filter was mounted on the detector to select the luminescence of the 4 I 13/2 ? 4 I 15/2 transition of erbium ions. The luminescence decays were recorded by a Lecroy digital oscilloscope. The refractive index of the glass was deduced from Brewster angle measurement using goniometer. Observing the absorption of the 4 I 13/2 manifold in Er 3+ :SWNB glass shows that it exhibits a double peak structure. On the other hand, the absorption edge shifts towards lower energies with increasing Er 3+ concentration, i.e., the optical energy gap of the glasses studied becomes smaller for the 0.5 mol% Er 2 O 3 doped sample. If the visible edge is taken as the wavelength corresponding to the half-height of the transmission [18] for a sample 2 mm in thickness, then the visible edge for our glass SWNB is $416 nm. This means that the SWNB glasses are still very transparent in the visible spectrum. Using the same definition for the infrared edge leads to a cut-off wavelength (50% transmission for a 2 mm thick sample) of 5.5 lm.
Results and discussion
Judd-Ofelt analysis
To obtain absorption spectra by erbium ions discriminately used for the Judd-Ofelt calculations, the measured absorption profiles of the erbium doped SWNB glasses were subtracted by the absorption profile of the undoped SWNB glass. Note that the weak peak around 850 nm in the absorption spectra is caused by the change of the detectors in the spectrophotometer and the rising absorption baseline in the range from 600 to 400 nm can be caused by the presence of bismuth ions generally observed in this region [19] .
The measured absorption line strength (S meas ) for the induced electric dipole transition of each manifold was determined using the following expression:
where J and J 0 represent the total angular momentum quantum numbers of the initial and final states, respectively, e is the charge of the electron, c the velocity of the light in the vacuum, h the Planck constant, k is the mean wavelength of the absorption band and N 0 is the Er 3+ ion concentration per unit volume. a(k) is the measured absorption coefficient at a given wavelength k. The refractive index n of SWNB glass is about 1.88 determined by measuring Brewster angle. The factor in bracket represents the local field correction for Er 3+ ion in the initial J manifold. Judd-Ofelt theory provides a theoretical expression for the line strength, given by:
where X t are the Judd-Ofelt parameters and the terms in brackets are doubly reduced matrix elements in intermediate coupling approximation [20] . The best set of X t parameters of glass were determined by a standard least square fitting of the theoretical line strength (S calc ) values to the experimental ones (S meas ) and are tabulated in Tables  1 and 2 . The quality of the fit was determined from the RMS deviation, and the values obtained are also listed in Table 2 .
From these values, the Judd-Ofelt parameters for Er 3+ :SWNB glass show the trend X 2 > X 4 % X 6 . If we compare these results to those previously reported [13] , these values appear unusually large. X 2 is increasing with increasing Er 2 O 3 concentration, which suggests a short range structural disorder. In general, X 2 increases with the asymmetry of the local structure and with the degree of covalency of the lanthanide-ligand bonds, whereas X 6 decreases with the degree of covalency [21, 22] .
The J-O treatment that is based on the electric dipole bands leads to very large values of X 6 for Er 3+ ions in these glasses, by comparison to other oxide and antimony glasses previously reported [13] . The large X 6 value is probably due to the low optical basicity of the glass without non bridging oxygen ions, which would be formed by incorporation of alkali ions [23] . The most polarizable elements in these glasses are the lone pairs of s 2 electrons of the Sb 3+ and Bi 3+ cations. The local structure around Er 3+ in these glasses probably contains more lone pairs than WO 3 -free glasses. The higher rigidity of the metal-ligand bond may also be considered.
Some important radiative properties can be calculated using the values of X t . The total spontaneous transition probability is given by: 
Fluorescence decays analysis
The fluorescence decay time of the 4 I 13/2 ? 4 I 15/2 transition can be seen in Fig. 2 . The lifetime values (s meas ) listed in Table 3 were evaluated by a single exponential fit on the first decade of the decay. The lifetime values (s 1/e ) evaluated at 1/e of the maximum and the lifetime s int obtained by integration of the decay (tacking into account of the rise) are also reported in Table 3 . A rise time due to the transition 4 I 11/2 ? 4 I 13/2 can be observed in the first part of the decay (see Fig. 3 inset), s rise of 45 ls and 30 ls was evaluated for the sample doped with 0.25 and 0.5 mol% Er 2 O 3 , respectively. These lifetimes were used to evaluate the quantum efficiency (g = s meas /s r ) of the samples as a function of the Er 2 O 3 concentration, as reported in Table 3 . Here it can be seen that the measured lifetimes imply high quantum efficiencies of 90% and 73%, for 0.25 and 0.5 mol% Er 2 O 3 , respectively. Not surprisingly, the quantum efficiency decreases as Er 3+ content increases. The concentration quenching is due to the usual interactions between Er 3+ ions and also the presence of OH impurities. The OH groups indicate a water contamination of the sample. This water contamination has two different origins: water adsorbed by the raw materials and contamination by air moisture during synthesis. In fact, the absorption coefficient of OH impurities in these glasses was found at high level, namely 8.74 and 10.3 cm À1 for 0.25 and 0.5 mol% Er 2 O 3 respectively. The ratio between the values of the quantum efficiency of the two glasses is found in the order of 12%, a value substantially similar to the ratio of the absorption of the impurity OH coefficient in the two glasses. It has been recently proved that the content of OH-hydroxyl groups in alkali-antimonite glasses can be significantly improved by optimizing glass processing [25] . Fig. 3 shows the absorption and emission cross section spectra of 0.5 mol% Er 2 O 3 doped SWNB glass. Very similar results have been obtained for the 0.25 mol% Er 2 O 3 -doped sample. The emission spectra consist of the broaden lines originated from the 4 I 13/2 lowest meta-stable Stark level to the terminal 4 I 15/2 Stark levels with a maximum at 1530 nm. The stimulated emission cross section can be obtained from a PL spectrum by using the Fuchtbauer-Ladenburg (F-L) expression [26] and from the absorption cross section spectrum by using the Mc-Cumber theory [27, 28] . The F-L formula allows calculating the emission cross section r em spectrum from the measured PL spectrum ðIðkÞÞ:
where I(k) is the emission spectrum intensity, s rad is the radiative lifetime, b is the branching ratio, and n is the index of refraction. Before using this formula, the actual measured emission spectrum intensity must be corrected to account for the system response. In this way it is possible to take into account the signal 
where L meas is the measured luminescence spectrum and L real is the actual luminescence spectrum. The reciprocity of emission cross section and absorption one are related through the following equation:
in which Z l and Z u are the partition functions of the lower and upper manifolds, respectively. The constants used are hc = 1 Â 10 7nm cm À1 , and kT = 208 cm À1 at room temperature. This reciprocity relationship is useful for comparing absorption and emission cross section measurements, or alternatively, driving one from the other.
In our case, the peak emission cross-section values obtained from the F-L and McCumber methods are 1.07 Â 10 À20 cm 2 and 0.82 Â 10 À20 cm 2 , respectively, although the F-L theory gives higher cross section values. This difference may be due to the uncertainties in the Z l , Z u , and E ZL values in the case of McCumber equation could have the effect on the final results. These values are compared with typical values reported in the literature for other glasses, such as 0.82 Â 10 À20 cm 2 for bismuth-borate [29] , 0.88 Â 10 À20 cm 2 for lead halogenotellurite [18] , and lower than in other glasses, such as 2.1 Â 10 À20 cm 2 for phosphate glasses [30] .
Conclusions
In Er 3+ -doped SWNB glass, the X intensity parameters, the radiative lifetime, and the branching ratio have been calculated, on the base of the experimental absorption spectrum and the Judd-Ofelt theory. The high X 2 Judd-Ofelt parameter in these glasses can be connected with the asymmetry of the local structure and the high degree of covalency of the lanthanide-ligand bonds. The emission cross-sections obtained from the Fuchtbauer-Ladenburg and McCumber methods are 1.07 Â 10 À20 cm 2 and 0.82 Â 10 À20 cm 2 respectively, were measured from infrared luminescence measurements, and shows similar values with bismuth-borate and lead halogeno-tellurite glasses. Luminescence decays are quasi-exponential and the measured lifetime value is very close to the radiative lifetime calculated from J-O analysis in the case of the lower doping level. In addition the quenching effect is relatively low. The calculated quantum efficiency shows that this glass could be considered for laser devices with some advantage over silicates, due to a smaller phonon energy, and larger infrared transmission at longer wavelength. By optimization of the synthesis of these glasses, especially reducing the OH-groups, possible applications might concern optical amplification. 
